abstract ketosis is still an important problem which must be solved in dairy herds. early precise diagnosis and proper evaluation of the cause of the disease is essential for good management of ketosis on dairy farms. The aim of our work was to analyse the occurrence of rumen dysfunction in connection with subclinical ketosis in dairy herds and to evaluate the relationships between betahydroxybutyrate (bhb) concentration in blood and metabolic parameters in blood, urine and rumen fluid. We analysed the results of metabolic profile tests performed in dairy cattle herds from 1,338 cows. The concentration of BHB significantly correlated with glucose, NEFA (nonesterified fatty acids), bilirubin, AST (aspartate aminotransferase), GGT (γ-glutamyl transferase), urea, magnesium and calcium in blood serum and with following parameters of rumen fluid -acetate, propionate, butyrate, acetate/propionate and infusoria. Significant but weak correlations were found between BHB and urine parameters (pH, specific gravity, potassium, magnesium, chloride). subclinical ruminal acidosis was found in 23.1% and 16.7% of dairy cows with light (bhb 1.2-2 mmol/L) and more severe subclinical ketosis (BHB >2 mmol/L) and simple ruminal indigestion in 16.7% and 30%, respectively. on the basis of performed analysis we can conclude that rumen dysfunction is an important factor for the development of ketosis. Veterinary practitioners should suggest checking the feeding management in their diagnostic work with the aim to distinguish primary and secondary ketosis. only complex and precise diagnostic work allows applying correct and successful therapy not only for individual animals but also for herd health management.
Ketosis is still an important problem which must be solved in dairy herds. The incidence of subclinical ketosis published in literature depends on the limits applied for the ketone bodies and can be found in up to 34% of the cows in the period from 2 to 7 weeks postpartum (Ingvartsen, 2006) . The importance of ketosis is primarily in reduction of milk production, changes in milk composition, disruption of reproductive functions (Abdelli et al., 2017) and increased incidence of production diseases (Raboisson et al., 2014) . The predominant circulating ketone body in the blood of ruminants is beta-hydroxybutyrate (BHB) and its concentration is considered a gold standard for diagnosing subclinical ketosis (Weng et al., 2015) . Subclinical ketosis may start when the level of BHB exceeds 1.0 mmol/L; however, higher values are suggested for first weeks of lactation. Duffield et al. (2009) summarise that increased health risk and reduced milk production appear to start between 1.2 to 1.4 mmol/L in the first week post-calving and Chapinal et al. (2012) demonstrated that serum BHB levels of 1.4 and 1.2 mmol/L during the first and second week after calving, respectively, were associated with considerable milk losses. Currently the cut-off value of 1.2 mmol/L is used to distinguish between cows with and without subclinical ketosis (Bach et al., 2016) .
Early precise diagnosis and proper evaluation of the cause of the disease is essential for good management of ketosis on dairy farms. Based on the risk factors for the development of ketosis, Lean et al. (1992) suggested the following classification: primary (production) ketosis, secondary ketosis, butyric acid ketosis and underfeeding ketosis. Primary ketosis occurs 3-6 weeks after calving when the glucose demand exceeds the gluconeogenesis capacity of the liver and low glucose level stimulates the mobilisation of lipids from body reserves. Non-esterified fatty acids are considered an indicator of lipomobilization in blood. Critical thresholds for NEFA have been determined for the prepartum and postpartum periods at 0.3-0.5 mmol/L and 0.7-1.0 mmol/l, respectively (McArt et al., 2013) . The low supply of glucogenic substrates results in increased ketogenesis and thus high concentration of ketone bodies in blood, milk and urine. Secondary ketosis is defined as ketosis resulting from another disease which decreases feed intake. In cows, an increased risk of ketosis has been linked to milk fever, grass tetany, displaced abomasum, retained placenta, uterine infection, foot/leg disorders, mastitis and rumen dysfunction (Ingvartsen, 2006) . Nevertheless ketosis can be an outcome or a risk factor for the development of these disorders.
Simple ruminal indigestion and subclinical ruminal acidosis (SARA) are the most important rumen dysfunctions. SARA is traditionally characterised by a low rumen pH that is below 5.8 for 3-5 h over a period of 24 h (Enemark, 2008) . However, this definition of SARA is not useful for field cases, because the devices for continuous measurement of ruminal pH are expensive and are used only in very small number of cows. Thus the field diagnostic of SARA is performed by one-off collection of rumen fluid 3-6 h after morning feeding. Stefanska et al. (2017) evaluated prevalence of subacute ruminal acidosis in Polish dairy herds on the basis of rumenocentesis performed 3-6 h after morning feeding. They used cut-off value pH = 5.6-5.8 for SARA diagnostic. Ruminal fluid collected by oral tube contains higher amounts of saliva and thus pH value is higher than in samples collected by puncture of the caudoventral ruminal sac. The comparison of these two sampling methods was published by Hofirek and Haas (2001) and they concluded that different reference limits must be used for the evaluation. The reference values assessed for peroral sampling of rumen fluid (Hofírek et al., 2009) are following: pH 6.2-6.8; total acidity 10-30 titr. units; VFA 80-120 mmol/L; acetate 55-65 mol%; propionate 20-25 mol%; butyrate 10-17 mol%. SARA has a negative impact on ruminal fer-mentation, low rumen pH leads to reduced fibre digestion, altered pattern of volatile fatty acid (VFA) production, impaired microbial protein synthesis, altered ruminal microflora and consequently exacerbating of negative energy balance by less efficient digestion (Kleen and Cannizzo, 2012) . Moreover SARA is usually reported to depress dry matter intake (DMI) which leads to imbalances in ruminal metabolism by concentrate sorting and insufficient uptake of nutrients (Plaizier et al., 2008) . Simple ruminal indigestion could occur mainly in cows that are fed insufficiently and thus the deficiency of glucogenic precursors leads to increased mobilization of body fat, ketogenesis and so called underfeeding ketosis (Danfaer et al., 1995) . Butyric acid ketosis is caused by large amounts of butyrate in the feed and probably also by a related depression of feed intake. High concentration of butyric acid is mostly found in wet silages (DM <30%) with inadequate fermentation (pH >4.8), high contamination with soil (ash >11%) and clostridial fermentation.
From the viewpoint of ketosis etiology, the distinction between the primary and secondary ketosis is very important. Both types of ketosis develop due to energy deficiency and mobilization of lipids, but the therapy and prevention must be different. The main problem is the differentiation between primary ketosis and secondary ketosis which develops due to SARA. In the case of subclinical ruminal acidosis, fluctuating or reduced appetite constitutes the most consistent symptom, whereas other clinical signs may be more inconsistent or weak, thus complicating diagnosis (Owens et al., 1998) .
The aim of our work was to analyse the occurrence of rumen dysfunction in relation to the subclinical ketosis in dairy herds and to evaluate the relationships between beta-hydroxybutyrate concentration in blood and metabolic parameters in blood, urine and rumen fluid.
material and methods animals
Metabolic profile tests in herds of dairy cows (Czech Fleckvieh, Holstein) in the Czech Republic were performed within routine preventive diagnostic activity. The metabolic profile tests have been performed by the authors during last ten years. None of the animals included in the study showed any clinical signs of diseases. The evaluation of dairy cow metabolism was performed by examination of blood, urine and rumen fluid that were taken from cows in different phases of the reproduction cycle (fresh cows -first 4 weeks after parturition, peak of lactation -60 to 90 days of lactation, dry period, close up period -up to 2 weeks before parturition).
The evaluation of the relationships between ketosis and rumen function was performed in 1,338 cows (531 fresh cows, 588 cows at the peak of lactation, 219 cows in close up period) from 96 dairy herds.
The concentration of BHB in blood serum of 1.2 mmol/L was chosen as a decisive parameter for diagnosis of subclinical ketosis (Bach et al., 2016) . For more precise interpretation of the relations between ketosis and rumen dysfunction there were created four groups according to the concentration of BHB. The first groupvery low BHB (<0.6 mmol/L) included cows with physiological concentration of ketone bodies, the second group -low BHB (0.6-1.19 mmol/L) included cows with slightly increased level of ketone bodies -compensated state, the third group -mild BHB (1.2-1.99 mmol/L) included cows with subclinical ketosis, and the last group -high BHB (≥2.0 mmol/L) was represented by cows with high concentration of ketone bodies.
sampling and analytical procedures Samples of blood, urine and rumen fluid were taken 3-6 hours after morning feeding. Blood samples were collected from the vena caudalis mediana into Hemos sampling tubes without any additional anticoagulants for serum examination and with lithium heparin for whole blood examination. A small amount of blood was preserved by sodium fluoride for glucose determination. The following parameters were determined in blood serum: beta-hydroxybutyrate (BHB), nonesterified fatty acids (NEFA), total protein (TP), urea (U), aspartate transaminase EC 2.6.1.1 (AST), gamma-glutamyltransferase EC 2.3.2.2 (GGT), total bilirubin (Bil), calcium, phosphorus, magnesium, copper and zinc. Glucose was measured in fluoride plasma and glutathione peroxidase (GPx) in whole blood.
Urine samples were taken by catheterization or from spontaneous urination. The concentration of minerals (Na, Cl, K, Ca, P, Mg), urea, specific gravity and pH were determined in fresh urine.
Specific gravity was assessed by urinometer and pH was measured with the use of pH meter Orion (Thermo Fisher Scientific). The concentration of Na, K, Mg, Ca in urine and Ca, Mg, Zn, Cu in blood serum was measured by flame atomic absorption spectrometry on the AAS Solaar M6 (Unicam, Witchford, Cambridgeshire, United Kingdom) device. The concentration of Zn and Cu was measured in supernatant after deproteinization of serum samples. Deproteinization was performed by mixing blood serum with 10% trichloracetic acid in the ratio 1 : 1 and centrifugation after 30 minutes. The other parameters were determined by the automatic analyzer Liasys (AMS, Guidonia, Rome, Italy Rumen fluid was taken with stomach tube 3-6 h after the morning feeding. We used stomach tube with suction pump developed for the sampling of rumen fluid in adult cattle. The tube was removed when it contained at least 250 ml of rumen fluid. Rumen fluid was tested for the presence of saliva contamination by observation of increased viscosity or obvious contamination. Contaminated samples were discarded and a second sample was taken. The samples were preserved for the assessment of pH, total acidity and ammonia by mercury chloride, for the infusoria count by the use of 10% formaldehyde solution (1 ml formaldehyde + 4 ml rumen fluid) and for the measurement of VFA by toluene. The preserved samples of rumen fluid were transported to the laboratory, samples for the assessment of VFA were frozen (-20°C) until the measurement (1-2 weeks) and samples for the assessment of total acidity, pH and infusoria count were cooled (5-8°C) and measured next day after the collection. Total acidity was established by titration method. Ten millilitres of sample was titrated with 0.1 M sodium hydroxide with pH 8.5 as the endpoint using a pH meter. The amount of sodium hydroxide was proportional to the total acidity value. The pH level was measured by the pH Meter Lab 850 (SCHOTT Instruments GmbH, Mainz, Germany). Infusoria count was done with the use of a microscope in a Fuchs-Rosenthal Counting Chamber (Hausser Scientific Co., Horsham, USA) by dilution 1 : 20 and staining 0.1% methylene blue. Concen trations of individual VFA (acetate, propionate, butyrate, valerate) in the rumen fluid were determined by gas chromatography using an Agilent 6820 GC System (Agilent Technologies, USA). The ammonia con centration was determined by Berthelot's photomet ric reaction.
statistical analysis
The basic statistical parameters for all variables were calculated and are shown in tables. The normality of the data distribution was assessed using KolmogorovSmirnov test. The data on BHB concentration in blood serum was not normally distributed. The relations between concentration of BHB in serum and other examined parameters were evaluated by regression analysis and Spearman's correlation coefficient is shown. The difference between the four groups according to BHB concentration was tested by one-way ANOVA and Tukey-HSD post hoc test. The significance level was set at P<0.05. The statistical analysis was performed by UNISTAT Version 6.0 (Unistat Ltd, England)
results
The occurrence of subclinical ketosis in our set of data from Czech dairy herds on the basis of the concentration of beta-hydroxybutyrate in blood is shown in Table 1. Increased concentration of BHB (≥1.2 mmol/L) was found in 8.1% of all investigated cows. The highest occurrence of subclinical ketosis was in fresh cows (14.5%), lower in cows at the peak of lactation (4.3%) and the lowest in close up period (2.7%). blood The basic statistical characteristics of evaluated blood parameters are shown in Table 2 . This table also shows correlation coefficients of beta-hydroxybutyrate in blood serum with other evaluated parameters in complete data set and in the cows with subclinical ketosis (BHB ≥1.2 mmol/L). Significant correlations in complete data set were found between BHB and glucose, NEFA, bilirubin, AST, GGT, urea, Mg and Ca in blood serum; however most of them were very weak. The correlation coefficient between evaluated variables and BHB concentration in cows with subclinical ketosis was higher for some parameters and shows closer relationships (glucose, NEFA, total bilirubin, AST). Significant relations were found between serum Ca, P, Mg and BHB. These correlations were negative, which means that cows with ketosis had lower concentrations of these macroelements in blood. The highest correlation coefficient was found between calcium and BHB (r = -0.469). The levels of microelements (Zn, Cu) and GPx did not show relations to ketosis.
urine
The basic statistical characteristics of evaluated urine parameters and correlation coefficients are shown in Table 3 . We found significant but only weak correlations between BHB and urine parameters (pH, specific gravity, potassium, magnesium, chloride). Similarly to data obtained from blood we found closer relations between BHB and urine parameters in ketotic cows than in complete data set. Significant negative correlation was found between BHB and urine pH, which corresponds with increased amounts of acids in the body. The relations to macroelements differ, negative correlations were found between BHB, potassium and chlorides probably due to decreased feed intake; however positive correlation was found between BHB and calcium. 
Rumen fluid
The next topic of our work was the evaluation of rumen fermentation during subclinical ketosis with the aim to differentiate primary (production) ketosis and se-condary ketosis which can arise due to subclinical ruminal acidosis and consequently decreased feed intake. The basic statistical characteristics of evaluated rumen fluid parameters and correlation coefficients with blood serum BHB are shown in Table 4. Significant correlations (complete data set) were found between BHB and acetate, propionate, butyrate, ratio acetate/propionate and infusoria count. The values of rumen fluid parameters in cows according to serum BHB category are shown in Table 5 . Statistically significant differences between individual groups were found only in the concentration of volatile fatty acids (total, acetate, propionate, butyrate). The cows with ketosis had a lower concentration of VFA, mol% of propionate, butyrate and contrary higher mol% of acetate. These changes are typical for decreased efficiency of rumen fermentation due to lower amounts of starch and higher proportion of fibre in the diet. However the mean value of rumen pH was not influenced by the occurrence of ketosis in cows. We found similar range of rumen pH value in all four groups of cows. Subclinical ruminal acidosis (pH <6.2) was diagnosed in 266 cows (19.9% of the whole data set) and simple ruminal indigestion (pH >6.8) in 273 cows (20.4% of the whole data set). Similar occurrence of rumen dysfunction was found also in cows with ketosis (BHB ≥1.2 mmol/L; n = 108); subclinical ruminal acidosis was found in 21.3% and simple ruminal indigestion in 20.4% of cows. The distribution of the data which characterises rumen fermentation according to the serum BHB category is shown in graphs 1-10. Subclinical ruminal acidosis and simple ruminal indigestion were found in 22.1% and 24.1% of cows with very low BHB, 17.2% and 16.4% of cows with low BHB, 23.1% and 16.7% of cows with mild BHB, 16.7% and 30% of cows with high BHB, respectively. 
discussion
The relations between BHB level and other metabolic parameters are rarely evaluated in available literature. The highest negative correlation coefficient was found between BHB and glucose; positive correlations were found between BHB and NEFA, total bilirubin and AST which correspond to the pathogenesis of ketosis. Cows with high milk production use glucose mainly for lactose synthesis and high energy demands must be covered by lipolysis which provides precursors to yield energy in the form of ATP. The liver is the most active metabolic organ for cows to metabolise NEFA via 3 pathways: complete oxidation producing ATP, CO 2 , H 2 O; incomplete oxidation producing ketone bodies; reesterification to triacylglycerols. When the uptake of NEFA exceeds the oxidation ability of the liver, triacylglycerols are stored in the liver thereby leading to liver steatosis. The correlation coefficient between BHB and NEFA in our work was similar to the values published by Ruoff et al. (2016) who found 0.29 and 0.44 two and ten days after calving, respectively. McCarthy et al. (2015) found weak relationships between blood concentrations of NEFA and BHB during the periparturient period (correlation coefficients 0.07 and 0.26 during 3 weeks prepartum and postpartum, respectively).
The significant relations between BHB, AST and total bilirubin show close relations between ketosis and liver steatosis which develops in dairy cows when the amount of NEFA released from adipose tissue exceeds the oxidation capacity of the liver. Li et al. (2012) found the changes of enzyme concentrations in the hepatocytes showing that fatty acid beta-oxidation capability is altered in the liver of ketotic compared with nonketotic cows. They reported higher protein levels of acyl-CoA synthetase, but in contrast lower carnitine palmatoyltransferase I, II, acyl-CoA dehydrogenase, 3-hydroxy-3-methylglutaryl-CoA synthase and acetyl-CoA dehydrogenase. They concluded that high serum NEFA and BHB concentrations play key roles in affecting pathways of fatty acid metabolism in the liver. Our findings regarding relations between BHB, AST and bilirubin but not between BHB and GGT are consistent with the recommendation for diagnosis of liver steatosis (Bobe et al., 2004; Pechová et al., 2002) . In dairy cows with high and low lipomobilization González et al. (2010) found significant negative correlations only between BHB and glucose, while other evaluated parameters (NEFA, total protein, albumin, globulins, urea, calcium, phosphorus, AST) did not correlate significantly with BHB. Tothova et al. (2014) demonstrated that metabolic changes associated with energy imbalance may be related to alterations in protein metabolism shortly after calving. They found significant negative correlations between BHB and total protein or immunoglobulin G and positive correlations between BHB and acute phase proteins (haptoglobin, serum amyloid A). Contrary to this work we did not find any relations between total protein and BHB. The reason is probably that the concentration of total protein in blood serum is influenced by many factors such as inflammation, infection, liver and kidney function, daily ration, etc.
Important findings in our work are the relations between ketosis and macromineral metabolism, mainly negative correlation between BHB and calcium. Hypocalcaemia reduces the ability of immune cells to respond to stimuli (Kimura et al., 2006) , thus contributing to infections, such as mastitis or metritis. Moreover calcium deficiency reduces smooth muscle contraction and thus prevents efficient teat closure, which contributes to mastitis. Its effect on muscle contraction also results in reduced rumen and abomasal motility leading to displaced abomasum and reduced feed intake (Goff, 2008) . The relation between energy metabolism and calcium was found by Reinhardt et al. (2011) , who reported higher lipomobilization in cows with subclinical hypocalcaemia after parturition. Hypocalcaemia could be one of the factors which add to the development of ketosis. The cause can be liver steatosis which often occurs during ketosis. Although cholecalciferol can be obtained from the diet or from biosynthesis in the skin, calcitriol formation (the active form) requires a 25-hydroxylation in the liver and a 1-hydroxylation in the kidney. Liver and/or kidney disease can result in a 1,25(OH) 2 -D 3 deficiency. Associations between microminerals and ketosis were not detected in our work. On the contrary Zhang et al. (2010) found lower concentration of zinc in the blood serum of subclinically ketotic dairy cows in comparison with healthy cows. These authors hypothesised that insufficient Zn may influence the synthesis and metabolism of BHB by affecting the secretion of insulin in dairy cows with subclinical ketosis; however our data did not support this hypothesis.
The relations between ketosis and ruminal dysfunction are more complicated. We found significant correlations (complete data set) between BHB and proportion of individual volatile fatty acids (VFA). The negative correlation with propionate is consistent with the pathogenesis of ketosis, since of the VFA only propionate is glucogenic. Significant correlation was found also with butyrate, which shows that butyrate production in the rumen can influence to some extent the BHB concentration in blood. Nevertheless in ketotic cows the relations between butyrate and BHB was not significant. The reason for this is probably that ketosis which we diagnosed was mostly of different etiology than high intake of butyrate from silages or its increased production in the rumen. Butyrate produced in the rumen is converted to BHB during the passage across the ruminal and omasal walls. The importance of butyrate produced in the rumen for ketogenesis was confirmed by Doreau et al. (2001) .
Group of cows with subclinical ketosis has shown significant relations between BHB and total production of volatile fatty acids, which was lower in cows with high concentration of BHB in blood. The relations between BHB and other evaluated parameters were not significant in ketotic cows. This could be explained by the fact that we found similar number of ketotic cows with simple ruminal indigestion and subacute ruminal acidosis. Simple ruminal indigestion is characterised by decreased intensity of rumen fermentation with low production of VFA and slightly increased pH. The cause of ruminal indigestion can be decreased feed intake due to different reasons (foot/leg disorders, infection diseases, toxaemia, ketosis) or low quality of the feed ration (low concentration of main nutrients, high content of inhibitory substances). Most common rumen dysfunction during ketosis is simple indigestion, which develops due to low quality of the ration and later due to decreased feed intake. The occurrence of chronic/subacute ruminal acidosis (SARA) shows different etiology of ketosis. In these SARA cows the energy deficiency develops due to reduced DMI. The decrease in DMI is often presented as a consistent sign and sensitive indicator of SARA (Abdela, 2016) . Enemark and Jorgensen (2001) published results of a questionnaire survey conducted among Danish dairy practitioners to investigate reduced appetite and its relation to subclinical ruminal acidosis in postpartum dairy cows. The most common diagnoses believed to occur were ketosis (26%), ruminal acidosis (22%), abomasal disorders (16%), subclinical hypocalcaemia (15%) and milk fever (15%); however this study did not evaluate the relations between ketosis and rumen acidosis.
The clinical picture of rumen digestion during secondary ketosis developing due to subclinical ruminal acidosis is changing over time. Ruminal acidosis is present in the early stage of the disease, however after some time due to decreased feed intake and thus decreased amounts of substrates for microbial digestion, the intensity of rumen fermentation is reduced and ruminal indigestion develops. The precise diagnosis of the cause of ketosis is very important for the application of adequate therapy; however the distinction between primary and secondary ketosis is quite complicated. The practitioners should regularly examine the rumen fluid of not only the affected but also of other (healthy) animals, as the duration of DMI depression is mostly unknown. The differentiation of the secondary ketosis developing due to SARA from the primary production ketosis is important not only for the adequate therapy of individual cows but mainly for the herd health management and correct modification of the ration. conclusion On the basis of performed analysis we can conclude that subclinical ketosis (increased concentration of BHB in blood) has important relations to other metabolic disorders, mainly lipid mobilization, liver steatosis, hypocalcaemia and rumen dysfunction. The significant positive correlations were found between BHB and NEFA, AST, GGT, total bilirubin, urea; negative correlations were between BHB and glucose, calcium, magnesium. The relations between ketosis and rumen fermentation are complicated and show high variability. Subclinical ruminal acidosis was found in 23.1% and 16.7% of dairy cows with mild (1.2-2 mmol/L) and high blood BHB concentration (>2 mmol/ L) and simple ruminal indigestion in 16.7% and 30%, respectively. It is necessary to take into account that ruminal acidosis can be a cause of ketosis in dairy cows. Practitioners should pay close attention to the correct evaluation of rumen fermentation in cows with subclinical ketosis. Only complex and precise diagnostic work allows applying correct and successful therapy for individual animals and adequate measures in herd health management practices. treatment of fatty liver in dairy cows. J. Dairy Sci., 87: 3105-3124. C h a p i n a l N., C a r s o n M.E., L e B l a n c S.J., L e s l i e K.E., G o d d e n S., C a p e l M., S a nt o s J.E.P. 
